
least liver and cavity macrophages to capture more CSF1 on a per-
cell basis than monocytes in vivo. Consistently, peritoneal mac-
rophages compete effectively for available CSF1 in mixed culture
with proliferating BM-derived macrophages (79). The rapid up-
take of CSF1AF647 by KC is consistent with their role in regulating
the circulating CSF1 concentration (68). Hence, upregulation of
CSF1R expression may be a general feature of macrophage dif-
ferentiation that allows them to compete for or control bioavail-
able CSF1. The apparent inability of alveolar macrophages to
capture CSF1 is a notable departure from this tenet. However,
alveolar macrophages are unaffected in adult CSF1-deficient op/
op mice (80) and their replenishment from BM following irradi-
ation is largely independent of CSF1R (81). Thus, our data are
consistent with a lack of role for CSF1 in maintenance of the
alveolar macrophage niche. However, it remains unclear why both
alveolar macrophages and granulocytes express high levels of
Csf1r transgene despite lacking a surface receptor. In the blood,
Ly6C+ monocytes more readily took up CSF1 than their Ly6C2

progeny, a feature consistent with the suggestion that Ly6C+

monocytes regulate the availability of CSF1, thereby controlling

the lifespan of the Ly6C2 population (57). Interestingly, higher
consumption of CSF1 by classical monocytes is also evident in
PBMCs from Csf1r-EGFP transgenic sheep (65), suggesting this
feature is conserved across species.
Intensity of fluorescence in Csf1r-mApple mice also largely

distinguished long-lived tissue-resident macrophages (KC, alveo-
lar macrophages, and F4/80hi peritoneal macrophages) from those
of more recent monocyte-origin (F4/80lo resident peritoneal and
lung interstitial macrophages) but was not correlated with the
ability to take up labeled CSF1. In the peritoneal cavity, the re-
ceptor activity was greatest in F4/80loCD11c2 cells. Notably,
these cells were selectively depleted following treatment with the
CSF1R kinase inhibitor GW2580. Dynamics of loss of labeled
histone 2B-GFP from peritoneal F4/80lo macrophages places the
half-life for replenishment of both CD11c+ and CD11c2 subsets
from monocytes at around 2 wk (23), much longer than the 4 d
treatment regimen in this study. Hence, selective loss of F4/80lo

CD11c2 cells likely results from reduced survival or retention in

FIGURE 8. Csf1r-mApple and DCsf1r-ECFP transgenes allow imaging

of distinct lineages of hepatic myeloid cells. Confocal image of the surface

of the left lobe of the liver of a DCsf1r-ECFP (A), Csf1r-mApple (B), WT

(C), and Csf1r-mApple/DCsf1r-ECFP (D) mouse imaged ex vivo. FITC-

Lectin I was injected i.v. to reveal liver sinusoidal endothelium. Scale bars

represent 20 mm (A–C) or 50mm (D).

FIGURE 9. Csf1r-mApple and DCsf1r-ECFP transgenes allow imaging

of distinct lineages of pulmonary myeloid cells. Confocal image of a

transverse section of lung from a DCsf1r-ECFP (A), Csf1r-mApple (B),

WT (C), and Csf1r-mApple/DCsf1r-ECFP (D) mouse imaged ex vivo.

FITC-Lectin was injected i.v. to reveal pulmonary vasculature. Scale bars

in all panels represent 50 mm.
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the cavity rather than a failure of monocytes to differentiate and
replenish these cells. Both F4/80hi and F4/80lo populations of
peritoneal macrophages are rapidly lost upon Ab-mediated neu-
tralization of CSF1 (24), suggesting only partial blockade of
CSF1R signaling occurred with the oral inhibitor used in this
study. Higher levels of CSF1R signaling are generally required for
proliferation than survival of macrophages (8) and hence the
uniform inhibition of Ki67 expression observed across the peri-
toneal macrophage compartment is consistent with a reduction of
high-level CSF1R-signaling by GW2580 treatment. In light of
this, our data suggest the F4/80loCD11c2 subset require a higher
threshold of CSF1R signaling for survival and consequently
exhibit greater CSF1R activity. Thus, different populations of
peritoneal macrophages would appear to pursue distinct survival
strategies. Short-lived cells are more reliant on high levels of
CSF1 signaling, whereas long-lived cells are better adapted to
efficiently use CSF1, possibly explaining the predominance of the
latter under homeostatic CSF1-limited conditions (82). Either
way, our data reveal fine-tuning of CSF1R activity but not nec-
essarily Csf1r transgene or gene expression between distinct
macrophage populations.
Relatively low, or absent, expression of the Csf1r-mApple

reporter also provided a useful marker delineating peritoneal
and pulmonary CCR2-independent cDC from CCR2-dependent

CD11c+/2MHCII+ APC, likely of monocyte origin. Monocyte-
derived CD11c+ APC have also been described within the der-
mis, kidney, and gut (6, 21, 54, 83), in which tissue cDC also
expressed lower levels of Csf1r (22). In the liver, MHCII+

CD11c+ cells were largely replenished by CCR2-independent
BM precursors, uniformly expressed the candidate cDC
marker CD26, and lacked the candidate macrophage marker
CD64. Consistent with a cDC nature, these cells also uniformly
express the transcription factor Zbtb46 (84). Nevertheless, these
cells showed similar levels of Csf1r-mApple transgene expres-
sion to monocytes, and the CD11b+ cDC2 fraction bound la-
beled CSF1-Fc. Although juvenile Csf1r2/2 mice have normal
numbers of hepatic cDC2 (14), unlike in other tissues, these
cells also do not require CSF2 for survival (85), indicating
possible redundancy between these growth factors. In adult mice
the impact of Csf1 and Csf1r mutations are more apparent (86)
and anti-CSF1R treatment produced an almost complete deple-
tion of liver cells expressing a Csf1r-EGFP transgene (87).
Hence, in general, our data do not support an absolute division
between Csf1r and Flt3-dependent APC populations. By anal-
ogy with the functional diversity of classical macrophages in
different organs (51, 88–90), APC differentiation is likely also
organ specific. Because CSF1 drives a largely immunoregula-
tory program (91), the responsiveness of cDC2 to CSF1 may
underlie the relatively weak APC activity in liver (92) and
contribute to a tolerogenic environment in the liver (93). Simi-
larly, competition of CSF1R+ cDC2 together with KC and
classical patrolling monocytes (94) for available CSF1 could
provide an explanation for the relative absence of hepatic
monocyte-derived MHCII+ APC.
In adult mice, labeling of cDC and macrophages in the DCsf1r-

ECFP reporter is tissue specific (32). Using the DCsf1r-ECFP
transgene, we highlighted the utility of the Csf1r-mApple strain to
be crossed to existing reporter lines, visualizing distinct MPS
populations in the lung and liver. Moreover, combined analysis of
the Csf1r-mApple and DCsf1r-ECFP transgenes highlighted het-
erogeneity among microglia. Intriguingly, the percentages of
DCsf1r-ECFP negative microglia correlated with the retention of
microglia in the IL-34–knockout mouse in the same brain regions
(95). Similarly, in other tissues, ECFP expression occurs pre-
dominantly in locations where macrophages are more reliant on
IL-34 (for example, Langerhans cells) or CSF2 (alveolar macro-
phages). Hence, the graded expression of the DCsf1r-ECFP
transgene in microglia may reflect its induction during differen-
tiation or the proximity of individual cells to the tissue-specific
factors that control its expression.
In overview, the Csf1r-mApple mouse recapitulates the ex-

pression profile of the widely used Csf1r-EGFP reporter. In
combination with other reporters, and labeled CSF1, the Csf1r-
mApple mouse provides a new tool to dissect the differentiation
and function of the heterogeneous populations of mouse tissue
mononuclear phagocytes and the homeostatic roles of CSF1.
How different mononuclear phagocytes regulate CSF1R activity
remains an important question given the continued interest in
macrophages as possible vehicles for delivery of gene therapies
and as targets of therapeutics.
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FIGURE 10. The expression of Csf1r-mApple and DCsf1r-ECFP

transgenes in regional brain homogenates. Cerebellum, cortex, hippo-

campus, and striatum were processed to generate a single-cell suspension.

(A) Compared are CD11b+CD45lo microglia and CD11b+CD45hi cells of

the cerebellum and cortex regarding their expression of Csf1r-mApple and

ECFP. (B) Percentage of double transgene positive CD11b+CD45lo and

CD11b+CD45hi cell populations across all selected regions.
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